We describe a water treatment strategy, electrochemically tunable affinity separation (ETAS), which, unlike other previously developed electrochemical processes, targets uncharged organic pollutants in water. Key to achieving ETAS resides in the development of multicomponent polymeric nanostructures that simultaneously exhibit the following characteristics: an oxidation-state dependent affinity towards neutral organics, high porosity for sufficient adsorption capacity, and high conductivity to permit electrical manipulation. A prototype ETAS adsorbent composed of nanostructured binary polymeric surfaces that can undergo an electrically-induced hydrophilic-hydrophobic transition can provide programmable control of capture and release of neutral organics in a cyclic fashion. A quantitative energetic analysis of ETAS offers insights into the tradeoff between energy cost and separation extent through manipulation of electrical swing conditions. We also introduce a generalizable materials design approach to improve the separation degree and energetic efficiency simultaneously, and identify the critical factors responsible for such enhancement via redox electrode simulations and theoretical calculations of electron transfer kinetics. The effect of operation mode and multistage configuration on ETAS performance is examined, highlighting the practicality of ETAS and providing useful guidelines for its operation at large scale. The ETAS approach is energetically efficient, environmentally friendly, broadly applicable to a wide range of organic contaminants of various molecular structures, hydrophobicity and functionality, and opens up new avenues for addressing the urgent, global challenge of water purification and wastewater management.
Introduction
The global prevalence of water resources contaminated by organic pollutants, such as pesticides, dyes, pharmaceuticals, and endocrine disrupting compounds, has raised concerns about potential deleterious effects on the environment (particularly aquatic ecosystems) as well as human health. [1] [2] [3] [4] [5] [6] Exposure to these pollutants has been found to be linked to increased predisposition toward diabetes, cancer, infertility, obesity, and other types of endocrine disorders. [7] [8] [9] [10] High separation efficiencies for the removal of organics from water have been achieved using conventional processes such as adsorption, stripping, distillation, and solvent extraction, as well as more recent technologies such as advanced oxidation treatment and membrane separation. [11] [12] [13] However, the overall separation processes inherently associated with these methods usually involve energy-intensive steps (e.g. requirement for high temperature or pressure) and/or environmentally unfriendly processes (e.g., use of organic solvents and additives, generation of secondary pollutants). Therefore, it is of great interest to develop water treatment technologies that are more energy efficient and environmentally responsible. In a broader context, the development of novel separation strategies for chemical mixtures without the need for heating or the introduction of chemical reagents would significantly reduce energy consumption, emissions and pollution worldwide, and open up new ways for resource recovery and extraction. 14 Material systems that respond to external chemico-physical stimuli offer advanced control over a process with a high degree of tunability and flexibility, enabling a deeper understanding and thus optimization of that process. [15] [16] [17] Recently, stimuliresponsive systems have been exploited in liquid-phase separation processes for water treatment and environmental clean-up. An azobenzene-modified membrane has been developed that exhibits ''on/off'' states for water penetration using alternating irradiation of the membranes with ultraviolet and visible light as the switch. 18 In another example, suspended core-shell nanoparticles with adsorbed organic pollutants can lose colloidal stability and form macroscopic aggregates upon irradiation with ultraviolet light, allowing easy handling of bulkier materials as opposed to suspended nanomaterials. 4 ''Smart'' systems with hydrophobicity tunable by external signals such as pH, 19 chemical redox agent 20 and CO 2 concentration 21 have also been developed for organics-water separation.
Here we introduce a conceptually new approach to water treatment using electrochemically tunable affinity separation (ETAS), which exploits electricity as the external stimulus for control over organics-water separation. ETAS relies on the use of a stimulus-responsive adsorbent system with a surface hydrophobicity that can be controlled by an electrical signal. Such an adsorbent displays an electrically programmable affinity toward neutral organic molecules, enabling the use of finely-tuned electrical swing to capture and release organics cyclically.
In terms of the working mechanism, and the nature of target species to be separated, ETAS is fundamentally distinct from previously developed electrochemical separation strategies for water treatment, such as capacitive deionization (CDI) 22 and redox-mediated selective separation (RMSS) 23 ( Fig. 1 ). CDI and RMSS utilize electrostatic interactions as the primary driving force for separation, and the target species must possess electric charges, as insalt ions and charged organic species. In stark contrast, ETAS does not rely on electrostatic interactions at all, but rather exploits the hydrophobic interactions as the separation driving force. Hence, ETAS can be used to separate uncharged species, such as toxic pesticides/herbicides, industrial dyes, and endocrine disrupting compounds, which are primary pollutants found in water resources worldwide. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ETAS represents a potentially significant addition to other electrochemical separation technologies for water treatment such as CDI 22 and RMSS 23 since it tackles a major category of water pollutants that cannot be addressed by these technologies. In fact, almost all known electrochemical separation technologies (e.g., not only CDI and RMSS, but others such as ion concentration polarization, 24 and electrochemically switched ion-exchange 25 ) must rely on electrostatic interactions. Therefore, as none of these conventional techniques is applicable to neutral species, ETAS is a conceptually new electrochemical separation strategy that represents the first attempt to incorporate fine electrical control into the separation of uncharged molecules.
Notably, ETAS is a separation technology that is also fundamentally distinct from catalysis-based methods for treatment of organic species in water (e.g., electrocatalysis). 26 Unlike catalysis-based water treatment methods, ETAS does not decompose organics chemically, and in fact can achieve nearly 100% recovery for many species tested here, which is often a key achievement goal for separation technologies. More importantly, ETAS possesses a number of advantageous characteristics not shared by electrocatalysis. ETAS does not result in any secondary pollution, a serious issue for electrocatalysis due to generation of multiple intermediates with long persistence, resulting from complicated and elusive degradation mechanisms. Moreover, the rationally engineered ETAS adsorbent is universally applicable to different types of organic species despite their vastly different redox potentials and chemical structures. However, for electrocatalysis, the catalyst properties and the operating potential must be customized individually for different organics, and one catalyst usually works for only one class of organics with very similar redox potentials and chemical structures. Also, many organics are extremely difficult to oxidize or reduce and thus a lengthy catalyst screening process is often needed to ensure efficient electrocatalytic degradation of these compounds. ETAS is expected to show higher energy efficiencies and incur lower environmental costs than established methods for separation of neutral organics from water such as distillation, stripping, extraction, adsorption and filtration. [11] [12] [13] It operates at ambient temperature and pressure, requires no need for 21 -responsive systems that exhibit only two levels of hydrophobicity (i.e., merely ''on/off'' bimodal control), ETAS can achieve multiple levels of hydrophobicity and thus affinity towards organics since the electrical signal (i.e., potential) can be tuned with high precision, permitting a systematic adjustment of the ratio between the hydrophobic and hydrophilic moieties. Such flexible modulation of affinity for target pollutants is key to achieving a balance between the separation degree and the energetic efficiency, as discussed later. Second, because the electrical potential of an ETAS adsorbent can be changed locally in real-time, the hydrophobicity of such an adsorbent can be modulated with high spatio-temporal resolution. Such precise spatial and temporal control over the hydrophobicity of a system is almost unattainable using responsive systems based on chemical (e.g., CO 2 , pH, reductant, oxidant) and thermal stimuli due to the presence of mass diffusion and/ or heat dissipation processes that hamper the precise delivery of the stimulus over location and time. Moreover, ETAS-integrated devices enjoy common advantages with electrochemical systems, such as modularity, portability and low-cost. These features would make ETAS an economically viable platform technology for developing countries where water scarcity and environmental pollution pose an imminent threat to human health.
Results & discussion

ETAS design
The design and fabrication of an ETAS adsorbent is nontrivial. It should exhibit all the following characteristics: (i) an oxidationstate dependent affinity towards neutral organics, (ii) high porosity for sufficient adsorption capacity, and (iii) high conductivity to permit programmable electrical manipulation instead of merely redox control by chemical species. The first proof-of-concept ETAS adsorbent system we developed (Fig. 2a) consisted of a carbon cloth (CC) with a conformal coating of a polyvinylferrocene/polypyrrole (PVF/PPY) hybrid, fabricated via simultaneous electro-polymerization of pyrrole and electrodeposition of PVF. 27 In the binary polymer film, the ferrocene moieties in PVF rendered redox-tunable hydrophobicity (i.e., the oxidized ferrocene is significantly more hydrophilic than its reduced form), 28 while the conjugated PPY chains established electron transport pathways to permit electrical control. The CC, composed of bendable carbon microfibers, served as a flexible and robust conductive substrate. PVF, a localized state conductor with discrete redox centers, had a low conductivity (B10 À7 cm s À1 ), 29 while our PVF/PPY hybrid exhibited a significantly higher conductivity (24 AE 7 cm s À1 ) measured by the four-probe method. Scanning electron microscopic (SEM) ( Fig. 2b ) and transmission electron microscopic (TEM) (Fig. 2c ) imaging revealed that the PVF/PPY polymer film was comprised of nano-spheres with diameters of around 20 to 50 nm. Energy dispersive X-ray spectroscopic (EDS) elemental mapping of N and Fe ( Fig. 2d and e) indicated the presence, with uniform spatial distribution, of both PPY and PVF in the hybrid polymer film. This ETAS adsorbent allows electrochemical control over adsorption of neutral organics: when the applied potential (E) is lower than the formal potential of ferrocene (E 0 = 0.32 V, all potentials are referenced to Ag/AgCl), most ferrocene moieties are reduced, the ETAS adsorbent is hydrophobic, and organics can be captured from water. For E c E 0 , most ferrocene moieties are oxidized, and the ETAS adsorbent becomes relatively hydrophilic, releasing neutral organics into a water stripping phase. The ratio (r) between the hydrophilic and hydrophobic moieties (i.e., oxidized and reduced ferrocene) can be tuned precisely by the applied potential according
where k is the Boltzmann constant, T the temperature, and e the elementary charge, and thus enables programmable adjustment of the adsorption affinity for organics. 
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We investigated the ETAS separation efficacy using a model water pollutant, Sudan Orange G (SOG), an uncharged organic dye molecule commonly used in the textile industry, which is the primary source of water contamination worldwide. 30 We compared the adsorptive performance of PVF/PPY, PPY alone, and PVF alone for SOG based on the distribution coefficient, Fig . 2f shows that the adsorption isotherm (i.e., Q e versus C e ) of PVF/PPY for SOG followed the Freundlich adsorption model, and, more importantly, could be adjusted systematically through application of different electrochemical potentials. When the applied potential increased from 0 to 0.6 V, the adsorption capacity of PVF/PPY decreased monotonically. The adsorbent became increasingly hydrophilic at higher potentials at which more ferrocene moieties were oxidized. Such electrochemical tunability of the adsorption behavior is important for regeneration of the adsorbent without the use of solvent stripping, and permits cyclic operation of the ETAS-based separation process. Cyclic voltammetric (CV) scans at 0.1 V s À1 between 0.0 and 0.8 V showed that PVF/PPY could be oxidized and reduced for 300 cycles with negligible loss of the current signal (o1% decrease in the integrated CV area), indicating good electrochemical stability of the hybrid during the cyclic operation. For further enhancement of the performance stability of ETAS adsorbents, several previously developed methods such hydrothermal treatment 27 or organic vapor deposition 32 could be employed. Also, our control experiments show that application of an oxidative potential (0.6 V) did not result in degradation of SOG (Fig. S11 , ESI †).
Multi-stage cyclic operation
We implemented ETAS in a multi-stage cyclic batch process (Fig. 3a) , in which SOG was removed gradually from a 100 mL feed solution with an initial SOG concentration of 5 mg L À1 and transferred to a 5 mL receiving solution (i.e., water with no SOG initially). Fig. 3b and c show the SOG concentrations in the feed and receiving solutions (C f and C r ), respectively, versus the number of stages, under three different potential pairs -a reductive potential to increase the hydrophobicity of PVF/PPY for capturing SOG and an oxidative potential to decrease the However, the use of a larger potential difference was also associated with a higher energetic penalty, as discussed below.
Energetic analysis
A quantitative study was made on the effects of potential pairing and operating conditions on the energetic costs of ETAS. This overall separation process has two in-streams (feed-in: rich in SOG; receiving-in: pure water) and two out-streams (feed-out: lean in SOG; receiving-out: rich in SOG). The energetic efficiency (Z) for this ETAS separation process is defined as the minimum work (i.e., thermodynamically reversible work, W rev ) needed to achieve a given change between the out-streams and the in-streams, divided by the actual energy consumed in the ETAS process (i.e., electrochemical work, W ec ):
where R is the ideal gas constant, T is the solution temperature, i represents each of the in-streams and out-streams, v is 1 for out-streams and À1 for in-streams, n is the total moles in each stream, y is the molar fraction of the pollutant, F is the Faraday constant, j represents the stage number, N is the total number of stages, c swing is the moles of electrons transferred during the electrical swing, and E a and E c are the potentials employed in the anodic and cathodic chambers, respectively. The values of all physical parameters in the energy calculations are listed in Table S3 (ESI †). The energetic efficiencies should be compared at the same degree of separation and under identical operating conditions. The degree of separation is described by the extent of pollutant removal c f = C f,out /C f,in , where C f,out is the SOG concentration of the feed solution after a certain number of stages, and C f,in is the initial SOG concentration of the feed solution. The ratio of the receiving and feed solution volumes, y, is an important parameter determining the overall effectiveness of the separation process; in practice this ratio can be easily tuned and usually needs to be specified to achieve a desired degree of pollutant enrichment in the receiving solution. We introduce the c f -y-Z chart (Fig. 3d-f) as the key metric for quantitative assessment of ETAS performance in terms of the coupled energetic efficiency and separation degree. To compare ETAS performance using different potential pairs, for each chart, we employ the same range of y values (from 0.01 to 0.1) and the same number of stages (up to 35). For a given range of stage numbers and y, it is desired to have a small c f and a large Z simultaneously. On comparison of Fig. 3d-f , it is evident that a smaller difference in the paired potentials yielded a higher energetic efficiency. However, the 0.2 V-0.3 V pair had a lower degree of separation than did the 0.2 V-0.4 V and 0.0 V-0.6 V pairs, while the 0.2 V-0.4 V pair yielded the best performance among the three cases in terms of the optimal combination of energetic efficiency and separation degree; even though the 0.0 V-0.6 V pair had essentially the same separation performance as the 0.2 V-0.4 V pair, the larger potential swing led to a significantly higher energetic penalty. Based on the c f -y-Z chart, it is also apparent that with a lower feed to receiving ratio (i.e., a smaller y), a higher energy efficiency is obtained, but more stages are required to reach a given separation extent.
Simultaneous enhancement of energetic efficiency and separation degree
The separation effectiveness and the energetic efficiency of an ETAS process were improved simultaneously through a generalizable materials design approach that relies on the development of a ternary heterogeneous nanostructure consisting of a metallic p-electron-rich CNT core and a binary polymer shell with redox-tunable hydrophobicity. Such a core-shell nanostructure allows for the use of a smaller potential difference to create a larger difference in the adsorption capacity between the reduced and oxidized states. This property of the ternary nanostructure is key to attaining enhanced ETAS performance. The model ternary nanostructure developed here (Fig. 4a) was composed of a metallic carbon nanotube (CNT) core with a conformal coating of PVF/PPY, formed by the non-covalent p stacking interaction between the three components. 27, 34 Hereafter the ternary nanostructure is denoted PVF/PPY/CNT. To construct ETAS adsorbents, we immobilized PVF/PPY/CNT onto the CC substrate by electrochemical deposition (Experimental). TEM imaging (Fig. 4b) shows that PVF/PPY/CNT exhibited a larger average tube diameter (B50 nm) than that of the unmodified CNT (tube diameter: B10-15 nm, wall thickness: B2-4 nm; see Fig. S13 (ESI †) for a high-resolution TEM image).
These TEM analyses suggested a conformal polymer coating existed around the nanotubes in the ternary hybrid. EDS elemental mapping of N and Fe (Fig. 4c) further confirmed that this polymer coating consisted of PPY and PVF. The adsorption isotherm of PVF/PPY/CNT for SOG shows a pronounced dependence on the applied potential (Fig. 4d) , showing that this adsorbent should be highly effective in ETAS operation. Fig. 4e and f show the separation degree (= (1 À c f ) Â 100) and energetic efficiency (Z), respectively, of PVF/PPY/CNT for selected potential pairs at y = 0.01 and 10 stages. The complete c f -y-Z charts for Fig. 4e and f) exhibited simultaneously enhanced separation degree and energetic efficiency. The better ETAS performance with PVF/PPY/CNT than with PVF/PPY could be due to the following reasons. First, compared to PVF/PPY, PVF/PPY/CNT had higher adsorption capacities mainly due to its larger BET surface area (243 m 2 g À1 ) than
that of PVF/PPY (168 m 2 g À1 ). 27 The enhanced adsorption capabilities enabled a higher degree of separation during an ETAS operation. Second, incorporation of a conductive CNT core affected the electrochemical behavior of the key molecule with redox-tunable hydrophobicity (i.e., ferrocene), resulting in enhanced energetic efficiencies. The relationship between the charge passed upon oxidation from 0 V to the applied potential ( Fig. 4g) suggests that ferrocene moieties were oxidized at lower potentials in PVF/PPY/CNT than in PVF/PPY. CV measurements (Fig. S15 , ESI †) also confirmed a lower ensemble-averaged E 0 of ferrocene in PVF/PPY/CNT (0.29 V) than in PVF/PPY (0.39 V). These results indicate that compared to PVF/PPY, PVF/PPY/CNT could be used with lower potentials to achieve the same extent of increase in hydrophilicity, yielding higher energetic efficiencies. It was found previously that ferrocene moieties embedded in thicker organic films or farther away from electrode surfaces were more difficult to oxidize, resulting in higher E 0 values. 35, 36 In our case, with a uniform spatial distribution of ferrocene sites throughout the polymer film (as evidenced by EDS), a thicker film may have led to a larger population of ferrocene moieties that were either buried more deeply in an organic PPY environment or were located farther away from the conductive surfaces (either CC or CNT); hence a thicker polymer film should result in a higher ensemble-averaged E 0 value. The thickness of a polymer film with uniformly distributed redox centers can be inferred from the slope (S iv ) of a ln(CV peak current)-ln(scan rate) plot obtained with a redox polymer electrode (RPE) model to simulate current responses (Section S4,ESI †). 
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PVF/PPY/CNT had a larger S iv value (0.88) than did PVF/PPY (0.57) (Fig. S16, ESI †) , indicating that the former had a more surface-limiting charge transport behavior and thus a thinner polymer film. The RPE simulation requires a knowledge of the heterogeneous electron transfer kinetics at the polymer/ electrode interface. As illustrated by the energy diagram (Fig. 4h) , CNT had a larger valence band density of states (DOS) near the Fermi level (E F ) compared to CC (pp states, 0-5 eV downward from E F , measured by ultraviolet photoelectron spectroscopy). This larger DOS suggests that CNT could support faster electron transfer kinetics than CC. Gerischer-Marcus theoretical calculations (Section S5, ESI †) using the valence band DOS show that the use of CNT instead of CC as the electrode surface yielded a 5.4-fold increase in the standard electron transfer rate constant (k 0 ET ). Incorporation of this difference in k 0 ET into the RPE simulation produced the S iv versus thickness relation (Fig. 4i) , from which it can be estimated that PVF/PPY/CNT had a smaller average film thickness (303 AE 16 nm) than PVF/ PPY (992 AE 48 nm). Additionally, electrochemical impedance spectroscopic measurements (Fig. S17, ESI †) show that compared to PVF/PPY, PVF/PPY/CNT has smaller charge-transfer resistance and solution resistance, indicating that the presence of conductive, nanosized CNTs may facilitate both electron transport and ion diffusion in the ternary hybrid system.
Simulation of multi-unit stop-flow operation
The cyclic separation experiment described above (Fig. 3a) was in effect a single-unit batch operation in which a single pair of electrodes was cycled between the feed and receiving solutions. For practical applications at large scale, such separations are usually implemented in a continuous or semi-continuous mode with multiple separation units. To examine the potential utility of ETAS at scale, we performed simulations of ETAS performance under multi-unit stop-flow operation using multiple pairs of electrodes. Experimental demonstration of such an operation is beyond the scope of this work. Such simulations would allow an assessment to be made of the effects of parameters such as receiving-to-feed volume ratio (i.e., y), electrode mass per volume of feed (x), number of units (N unit ), etc., to optimize the overall design of a separation process for a given task. Moreover, we can now evaluate the potential benefits of exploiting counter-current operations, which are generally more effective than co-current operations.
The multi-unit stop-flow operation simulated here is illustrated in Fig. 5a for a counter-current process. The co-current process is similar, and is shown in Fig. S1 (ESI †) . Details of the simulation are discussed in Section S6 (ESI †). The simulation results with N unit = 3 are shown in Fig. 5b and c for PVF/PPY adsorbents switching between 0.2 and 0.4 V, expressed in terms of the final concentrations in the feed and receiving phases normalized by the initial feed concentration (left axis; c ct and c co are for counter-current and co-current operations, respectively) with three separation units for different y and x values. The right axis of each panel shows the relative difference in concentration between the counter-current and co-current operations, defined as (c ct À c co )/c co Â 100. Simulations with other N unit values yield similar trends (Fig. S3, ESI †) . The removal efficiency improves with larger electrode mass loadings, x. The closer the receiving solution volume is to the feed solution volume, the better is the removal effectiveness; this is related to the capacity of the receiving solution for the solute -a smaller volume will result in an increased concentration in this phase at any given stage, and thus a larger residual adsorbed solute on the regenerated electrodes.
An unexpected finding was that there appears to be little difference in performance under co-and counter-current conditions; usually counter-current operations are much more favorable for multi-unit processes. This is a reflection of the particular shapes of the isotherms, in which the difference in loadings (DQ) for the electrodes in the adsorption and desorption cells at any stage is almost independent of stage number (Fig. S4, ESI †) . For other types of sorption isotherms, e.g., those following Henry's Law in which the adsorbed amount is directly proportional to the concentration in solution, DQ would be strongly concentration-dependent, and thus significant differences between the co-current and counter-current operations would be anticipated. To demonstrate this point, simulations were performed for an ETAS adsorbent having linear sorption isotherms Q e (mg g À1 ) = 100C e (mg L À1 ) and
) for the reduced and oxidized states, respectively, with the same set of y, N unit and x values used for the nonlinear View Article Online sorption isotherm case. It is evident that in the linear sorption isotherm case (Fig. 5d and e) , the counter-current operation results in markedly improved separation effectiveness over the co-current case, with a lower final feed solution concentration and a higher final receiving solution concentration.
Generality of ETAS
Our ETAS strategy is applicable to a range of neutral or nearneutral organic water pollutants of varying molecular structure, hydrophobicity, and functionality, including pesticides, pharmaceuticals and carcinogenic aromatics. 2,4-Dichlorophenol (DCP), 2-naphthol (NT), and 1-naphthylamine (NA) are known carcinogenic pollutants, and intermediates for herbicide manufacturing and synthesis of industrial dyes. 3, 37 Bisphenol A (BA) and bisphenol S (BS) are anthropogenic pollutants that appear to be endocrine disruptors with long-term environmental persistence.
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Metolachlor (MC) is considered to be one of the leading pesticides responsible for groundwater contamination. 39 Ethinyl estradiol (EE) and propranolol hydrochloride (PH) are widely used pharmaceuticals, with the former being a common contraceptive that has led to the collapse of fish populations, 40 and the latter being a b-blocker for treatment of hypertension. 41 Methyl orange (MO) and Rhodamine B (RB) are common industrial dyes identified as municipal water contaminants, particularly in developing countries. 42, 43 Fig. 6a shows the K d values of these organic pollutants measured at three different potentials (0.0, 0.3, 0.5 V) using PVF/PPY adsorbents. Pronounced K d dependences on the applied potential for DCP, NT, NA, BA, BS, MC, EE and PH were observed, indicating that ETAS is suitable for the mitigation of these organic pollutants also. The difference in K d between different organics reflects the selectivity of the adsorbent towards them. Fig. 6b shows the heat map of the ratio of K d for any two organics at three potentials. A ratio significantly different from unity indicates a high selectivity. Moreover, interestingly, the ratio and the spatial pattern of the heat map change with the potential. This indicates that the affinity of the ETAS adsorbent towards two competing organics can be tuned by electrical means, suggesting a novel strategy for selectivity control. Furthermore, since the potential of an electrode can be changed locally and independently, the overall selectivity of an ETAS adsorptive system composed of multiple electrodes can be modulated by applying different potentials to different electrodes (Fig. S18, ESI †) .
Conclusions
Our study introduced a new separation concept, ETAS, that allows the use of finely-tuned, programmable electrical swings to remove neutral organics from water. We present a detailed quantitative analysis of ETAS that elucidates the relation between the energetic efficiency and the separation degree, providing valuable insights into the critical factors dictating ETAS performance. A materials design approach was demonstrated to improve the separation extent and energetic efficiency simultaneously during ETAS operation through the creation of a ternary heterogeneous nanostructure that consists of a p-electron-rich metallic CNT core and a binary polymer shell with redox-tunable hydrophobicity. We further examined the effects of operating mode and device configuration on the performance of ETAS, and demonstrated its effectiveness for a range of uncharged organic pollutants with varying chemical and structural characteristics, highlighting the practicality and View Article Online broad applicability of ETAS. Additionally, we estimate that the energy consumption and cost per unit mass of organics removed by ETAS may be significantly less than those associated with conventional thermal swing adsorption/desorption technologies (Section S7, ESI †), indicating that ETAS could potentially be economically viable at large scale. Our work represents a potentially important step toward the development of controllable, energetically efficient, and environmentally friendly separation processes that target uncharged organics, which constitute the majority of industrial and municipal water contaminants. ETAS may offer a possible solution to the challenges associated with the water-energy nexus. 44 The ETAS concept could be extended to a range of other judiciously devised redox-responsive adsorbent materials with varying chemical, structural and mechanical properties, allowing further interrogation of the fundamental physicochemical behaviour of ETAS adsorbents. For instance, on-going work from our group develops an electrochemically responsive adsorbent based on surfactant-doped conducting polymers, in which the change in the surfactant orientation relative to the polymer backbone upon electrical stimulation is studied in detail with combined experimental and molecular modelling approaches. 45 More broadly, the method proposed here for quantifying the energetic cost and the effect of operating conditions offers a useful, general framework for evaluating the overall efficacy of electrically modulated separation processes beyond ETAS, such as ion concentration polarization and capacitive deionization. Furthermore, the electrically responsive polymeric interfaces developed here could be used for molecular systems wherein the controllability of surface hydrophobicity is important, such as lubricants, biosensors, actuators, and drug delivery systems, with broad implications for diverse areas of inquiry, ranging from devising high-performance electrochemical systems to rationalizing fundamental electrostatic interactions in biologically relevant environments.
Experimental
Two types of ETAS adsorbents, carbon cloth (CC)-supported PVF/ PPY and PVF/PPY/CNT, and two control samples, CC-supported PVF and PPY, were prepared by electrochemical deposition under different conditions (see Section S3, ESI †). Adsorption isotherms were obtained through adjustment of the concentration of organic pollutants in solution and measurement of the subsequent sorption over contact times of B12-15 h. The concentrations of organic pollutants were determined by UV-Vis spectroscopy or fluorescence spectroscopy. The masses of the polymer materials deposited on the carbon cloth substrates were determined by thermogravimetric analysis (TGA) with a final temperature of 900 1C with a heating rate of 5 1C min
À1
. Samples for TGA measurements were dried in a vacuum oven at 60 1C for 8 to 12 h. For the case of PVF/PPY/CNT ternary hybrid, the mass ratio between the polymer components and the CNT component were determined by TGA using free-standing PVF/PPY/CNT films peeled off stainless steel substrates. In the ETAS cyclic operation using a multi-stage batch process for the transfer of SOG from a feed solution to a receiving solution, the volumes of the feed solution and the receiving solution were 100 and 5 mL, respectively. At stage zero (i.e., before the ETAS cyclic operation), the SOG concentrations of the feed solution and the receiving solution were 5 and 0 mg L À1 , respectively. During each stage, the PVF/PPY adsorbent with a nominal surface area of 1 cm 2 and polymer mass of 0.12 mg at a selected potential was contacted with either the feed or the receiving solution for B5 h, which was sufficiently long to reach adsorption equilibrium for small quantities of adsorbents used in the multi-stage process.
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